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Abstract
This paper research the phenomenon that the engine bolts would creep under the preload and the high temperature in the operation process, and 
creep could cause the degradation of preload leading to engine failure. Through the high-temperature creep test and the stress relaxation test, the 
creep curve and stress relaxation curve are obtained. With the data of creep test, a method is proposed to find the turning time from the rapid 
stage to the steady stage of creep process more accurately. Then the retightening operation is applied at the turning time under the same test 
conditions to optimize the bolt assembly and the new stress relaxation curve could be obtained. According to the data before and after optimization, 
the life distributions of bolt could be estimated by the method of mathematical statistics.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
Bolted joint is the most widely used assembly method in 
mechanical products and it is also widely adopted in aviation 
engines. Some important bolted joints have a significant impact 
on the reliability of the engine working. In the assembly process 
of the engine rotor bolts, the axial preload should be applied to 
bolts. In the operation process, the bolts would creep under the 
preload and the high temperature. Creep could cause the 
degradation of preload, leading to engine failure.
Creep is an irreversible plastic deformation. The typical 
metal creep could be divided into three stages: rapid stage, 
steady stage and acceleration stage [1]. The rapid creep process 
will cause the early failures of bolts. So the bolts we need are 
in the steady stageit as long as possible and the retightening 
operation should be applied at bolts after stress relaxation.
Some researchers [2~5] have demonstrated that it is useful to 
retighten the bolts to decrease the preload degradation rate. 
Through temperature tests on kinds of bolts with different 
diameters, they described the degradation curves of the preload 
and the curves of bolt’s retightening operation and 
demonstrated that there are some potential benefits from 
retightening the bolts. But they rarely think about the 
relationship between creep and stress relaxation and do the 
research about the retightening operation time.
In our previous study, in order to prevent the effect of bolt 
creep on the degradation of preload, the authors proposed a 
method that the best way to weaken the degradation rate of 
preload and improve reliability of bolted joint is that the bolt is 
retightened at the time when the bolted joint has just reached 
the steady stage of creep behavior, and the test results validate 
the effectiveness of this method. Although the time for 
retightening was offered by the intersection of the first stage 
curve and the fitted line of the gradient of second stage, the 
turning point from the rapid stage to the steady stage was not 
accurate by this method, which is highly dependent on the 
accuracy of shape of curve. If the increment of axis is changed, 
the result will change too, resulting in inappropriate time of 
retightening and affecting the quality of optimization. 
This thesis centers on the creep defect of bolts, and proposes 
a mathematical method to find the turning time from the rapid 
stage to the steady stage more accurately on the basis of high-
temperature creep test and stress relaxation test. According to 
the obtained turning time, the optimal time for applying 
retightening could be chosen. Finally, the life distributions 
before and after optimization were estimated by the method of 
mathematical statistics.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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2. Test overview
In the actual operation process, due to the combined effect 
of the preload and high temperature on the bolt, the bolt would 
creep, causing the stress relaxation of bolted joints structure 
and failure. Therefore, the tests simulate actual operation 
process of bolts, the amount of stress relaxation was set as the 
characterization value of bolt performance; temperature was set 
as the strengthening factor. Through the high-temperature 
creep test and the stress relaxation test, the creep curve and 
stress relaxation curve were obtained.
2.1. Test conditions
The specimens is machined with the simplified model 
shown in Fig. 1. Referring to the actual engine conditions, the 
material of bolt was 1Cr11Ni2W2MoV; nut material was 
bronze and the connector (that is the fastener in the actual 
bolted joint) was the rigid structure. The initial preload was 
applied to 15kN; the test temperature was set at 500ć. The 
high-temperature creep test time was 1200h and the stress 
relaxation test time was 1000h. The test results were collected 
with every 30 minutes.
Fig. 1 The size of bolt
2.2. Test results
At a temperature of 500ć, the high-temperature creep test 
and the stress relaxation test were applied to the same kind of 
bolts. The high-temperature creep curve and the stress 
relaxation curve were obtained as Fig. 2 and Fig. 3.
Fig. 2 The curve of bolt creep
Fig. 3 The curve of bolt stress relaxation
3. Data processing
3.1. High-temperature creep test
Creep mechanism is very complex and there are many 
empirical formulas to describe the creep with time, but it has 
not been unified [6]. This article need to find the turning time 
from the rapid stage to steady stage of creep according to the 
creep test results. However, the rapid stage and the steady stage 
have not been expressed separately by these empirical formulas. 
So this paper carried on the rapid curve fitting and steady curve 
fitting separately, and adopted a simultaneous equation group 
to figure out the turning time. The proposed solving procedure 
will be graphically depicted in Fig.4 and the detailed steps will 
be also given as follows:
Fig. 4 The flowchart of the proposed solving procedure
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In this calculation, the total test time were 1200h, and the 
data were collected once every 30 minutes. Thus N=2400. 
According to creep curve, the turning time can be determined 
located at T1ę˄300ˈ600˅ˈso the initial value of m is 300 
and the initial value of n is 600. Furthermore, the initial [ is 
set as 0.007 and the initial N is set as 30. After calculation, we 
can get the optimal estimated value of T1: T1=517.
In addition, if the whole curve is fitted by a creep equation, 
and then its first derivative is calculated. The turning time is the 
point that makes the first derivative minimum. Although it is 
also a method to obtain the turning time, the errors of results 
obtained by this method are larger. It is not as good as the 
accuracy of formula fitted separately.
3.2. Stress relaxation test
There are a lot of empirical formulas describing the 
relationship between stress relaxation and time, but no one can 
be applicative universally. This study considered a two-
parameter power law expression [7] for the bolt stress 
relaxation with respect to time:
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where Pt is the load at time t; P0 is the initial preload; Įand ȕ
are constants that depend on materials, geometry and test 
conditions. 
Figure 3 shows the stress relaxation curve by the test over 
a period of approximately 1000h. Based on equation (2), the 
coefficients Įand ȕof stress relaxation model were obtained 
by maximum likelihood estimation: Įis 0.0422 and ȕis 1.0775.
3.3. Life estimation
Because the test values will fluctuate in actually work, 
they are random variables. Thus, the equation (2) can be 
amended to 
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where the random error term įfollows a normal distribution 
with zero and variance ı2˄denoted by N(0, ı2)˅.The bolt’s 
lifetime (T) is suitably defined as the time when K(t) crosses 
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where ĭ(·) is the cumulative distribution function of the 
standard normal distribution. The 100 pth percentile, tp of the 
bolt’s lifetime distribution can be expressed as
                         
11( )
( )p
p
t D
Z I V
E
                      (5)
Based on the observations {K(ti)}, i=1,2,…,n, the 
likelihood function of the stress relaxation model is given by 
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232   Zhiyuan Lu and Wei Dai /  Procedia CIRP  56 ( 2016 )  229 – 232 
2
1
( ) (1 ) ,
n
i i
i
K t t DE 
 
ª º ¬ ¼¦                     (7)
where V

can be determined as 
2
1
1
( ) (1 ) ,
n
i i
i
K t t
n
DV E


 
ª º  ¬ ¼¦                (8)
and the estimate of the product’s 100 pth percentile under pt

can be found by substitutingT

into (5). Therefore, by the best 
asymptotic normality property of the MLE, we obtain the 
following result.
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information matrix. So the asymptotic variance of pt
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of interest. When the bolts are not reloaded, VXEVWLWXWLQJĮ0 ȕ0
ı0 into equation (3) ~ (10), and the estimated 10th percentile of 
the bolt’s lifetime can be obtained as
0.1
2
0 ~ (775.4 192 )t N

ˈ
Thus, the estimated 10th percentile of the bolt’s lifetime 
were only 775.4h, and it need frequent replacement. But the 
replacement cost of this engine rotor bolt is very high, it is not 
easy to replace. So it need to optimize the assembly process to 
improve the lifetime.
4. Optimization
In this paper, the specimens were retightened to their initial 
preloads at the turning time T1 =517 from the rapid stage to the 
steady stage to optimize the bolt assembly. Other conditions 
remained unchanged, and the stress relaxation test under the 
high temperature was carried out.
Likewise, when time that the bolt is reloaded is T1, the 
coefficients Įand ȕof stress relaxation model were obtained 
by maximum likelihood estimation: Į is 0.02533 and ȕ is 
1.0082. The estimated 10th percentile of the bolt’s lifetime can 
be obtained as:
0.1
2
1 ~ (8478.2 ,1060 )t N

In our previous study, the mean value of lifetime 
optimized is 7898.6h. This result verified the effectiveness and 
accuracy of the turning time selected by the method this paper 
proposed.
5. Conclusion
In contrast to the theory and practice, the method to 
determine the turning time from the rapid stage to the steady 
stage of creep curve this paper proposed is more scientific and 
accurate than graphical method. The life distributions of bolt 
before and after optimization were estimated by the method of 
mathematical statistics, so the effectiveness of the method this 
paper proposed was verified.
The reasons of deviation between estimated values and 
actual values are: ķ There are some inevitable differences for 
creep and stress relaxation of engine bolts between creep test, 
stress relaxation test and actual operation process. The tests are 
greatly influenced by the outside interference, resulting in the 
error of the estimated values. But the general trend is not 
affected; ĸ In the data processing, multiple regression 
approximations cause the cumulative error.
In order to improve the practicability and accuracy of the 
method, the finite element simulation analysis need to be used 
to obtain more accurate mechanisms of creep and preload 
degradation. Combined with the actual engine running test data, 
the lifetime of the bolts could be estimated more accurately.
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